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Introduction
Autophagy, a process by which a cell's own organelles or proteins undergo bulk degradation by lysosomes (or vacuoles in fungi), is tightly regulated to maintain a balance between the synthesis and degradation of cellular products. 1, 2 Initially, autophagy was presumed to be a nonspecific, bulk process; however, selective autophagy has also been studied extensively. 3, 4 Selective autophagy requires specific autophagy receptors for specific types of cargo, in that receptor molecules are present for target recognition and removal of various cellular structures, including protein aggregates, various cellular organelles, and intracellular pathogens. [5] [6] [7] [8] In order to maintain the selectivity of the process, autophagic receptors that simultaneously bind target substrates and the key autophagic molecule Atg8 (LC3 in mammals) are required. 3 In addition to its role in the proteasomal degradation system, ubiquitination has been found to play a key role in autophagy by marking specific targets for autophagy-mediated degradation. 9 To date, 5 ubiquitin (Ub)-binding autophagic receptors, NBR1, SQSTM1/p62, OPTN (optineurin), CALCOCO2/NDP52 and TOLLIP, are known to interact with LC3 through the so-called LC3-interacting region (LIR) motif. 8, [10] [11] [12] [13] [14] [15] Although a basal level of autophagy occurs in most cells, autophagy activity can increase when specific events occur, such as bacterial infection. 16, 17 When bacteria invade cells, hosts implement autophagy, in combination with an immune response, to remove the pathogen. 16, 18 The process involving autophagic elimination of intracellular pathogens is referred to as 'xenophagy.' 19, 20 Recent research suggests that the upregulation of autophagy for certain infectious diseases can be utilized as a therapeutic strategy. 21 However, the precise mechanisms involved in xenophagy are not fully understood. To survive xenophagy, certain contagious intracellular bacterial pathogens have evolved mechanisms to counter or avoid this process. Three strategies have been identified as being employed by bacteria to avoid host cell autophagy, and include bacterial evasion, inhibition, and subversion. 17, 19 For example, Legionella pneumophila has a unique mechanism of autophagy inhibition that involves use of an effector protein, RavZ. 22 Legionella secretes RavZ protein, via the Dot/Icm type IV secretion system, into the infected cells. 22, 23, 24 The RavZ protein localizes onto the phagophore membrane (the precursor of the autophagosome) and then cleaves the C-terminal region of phosphatidylethanolamine (PE) -conjugated Atg8-family proteins such as LC3 and GABARAP. 17, 22 Although Atg8-family members possess Ub folding structural domains, they do not possess the Gly-Gly sequence conserved among ubiquitin-like (Ubl) modifiers, but do contain a conserved aromatic residue (phenylalanine or tyrosine)-Gly sequence at the C terminus.
The intracellular LC3 processing enzyme, ATG4B (Atg4 in yeast), cleaves nascent LC3 to expose the C-terminal glycine, which then allows for conjugation to PE and participation of the mature LC3 in the phagophore elongation steps. ATG4B is also involved in the recycling of LC3 by specific deconjugation of the PE moiety. 25 In contrast, the cleavage of LC3-PE by RavZ occurs between the conserved C-terminal glycine and aromatic amino acid in Atg8-family members. 22 Cleaved LC3 bearing the aromatic residue at the C terminus is unable to participate in the phagophore elongation step. 22 Thus, the cysteine protease RavZ might possess a catalytic mechanism similar to ATG4B, although there are clear differences between the 2 enzymes. The molecular mechanism involving the recognition of LC3 by RavZ, and in particular the recognition of membrane-anchored LC3-PE, remains unknown. During preparation of this manuscript the structure of RavZ was published, and largely focused on the membrane targeting activity of RavZ. 26 Here, we report on a wealth of structural, biochemical, biophysical, and cell biology data we have acquired, and use it to propose a novel mechanism of RavZ action. In contrast to ATG4B, different conformations of the active site loop of RavZ without LC3 were found in our structures, and the critical role of the flexible N-and C-terminal regions of RavZ were also investigated. Furthermore, we show that RavZ forms a 1:2 complex with 2 LC3 molecules (we are referring to the LC3B isoform throughout the manuscript) through interaction of the LIR motifs located on the N-and C-terminal regions. These results lay the groundwork for understanding how bacterial pathogens survive autophagy. Furthermore, our acquired structural information may contribute toward the successful design and implementation of antimicrobial drugs that target specific bacteria.
Results
RavZ forms a complex with 2 molecules of LC3
RavZ cleaves LC3-PE to expose the C-terminal phenylalanine, but is unable to cleave unconjugated LC3. 19 After RavZ and LC3 were purified separately, a mixture comprising the 2 proteins was subjected to size exclusion chromatography with multi-angle light scattering (SEC-MALS). The 2 proteins formed a tight complex and, interestingly, the molecular mass (MM) determined by MALS was 86 kDa, which is substantially higher than expected because the MM of wild-type (WT) fulllength RavZ (FL; residues 1-502) and LC3 is 57 and 15 kDa, respectively (Fig. 1A ). This result indicated that RavZ could interact with 2 LC3 molecules simultaneously. This was intriguing since a similar molecule, ATG4B, forms a 1:1 complex with LC3 in solution (Fig. S1) . In order to identify the LC3-binding regions of RavZ, several different constructs of RavZ were generated (Fig. 1B) . We deleted the N-terminal (DN; residues 49-502), C-terminal (N-Cat; residues 1-325), and both terminal regions (DNDC; residues 62-423) of RavZ to examine whether these regions are critical for LC3 binding (Fig. 1C) . SEC-MALS experiments with these deletion mutants were also performed. As shown in Fig. 1C , the calculated MM of the DN and N-Cat mutants was 66 and 51 kDa, respectively, suggesting the presence of a 1:1 complex. Moreover, the DNDC mutant, comprising deletions of both N-and C-terminal regions, exhibited no binding to LC3. The MALS data clearly showed that the experimentally determined MM was the same as expected from the calculated MM of the DNDC mutant without LC3 (Fig. 1C) . The mutant comprising the membranetargeting domain (Mt) with the C-terminal region (Mt-C; residues 327-502) also formed a 1:1 complex with LC3. These results clearly demonstrate that each N-and C-terminal region of RavZ binds one molecule of LC3 independently.
Next, we measured the binding affinity of RavZ WT in addition to that of the above mutants with LC3 using surface plasmon resonance (SPR) (Fig. 1D and Fig. S2 ). The dissociation constant (K D ) between RavZ FL and LC3 was 248 nM, which is very tight, and that between the deletion mutants of RavZ and LC3 was reduced by an order of magnitude. As expected, the K D between the DNDC mutant and LC3 could not be measured. The binding affinity between the N-terminal region of RavZ and LC3 was higher than that between the C-terminal region and LC3, and interestingly the single second LIR (LIR2) peptide had a similar binding affinity to LC3 as the intact N-terminal peptide containing the 2 LIRs, LIR1 and LIR2 (Fig. 1D) . Although there are 2 LIR motifs in the N-terminal region, 2 molecules of LC3 cannot bind to this region simultaneously based on the SEC-MALS results, and the SRP data clearly showed that the LIR2 peptide had stronger binding affinity to LC3 than the LIR1 peptide. RavZ containing only the Nterminal LIRs, N-Cat, had similar binding affinity to LC3 as the single LIR2 peptide or N-terminal peptide, and the almost 50-fold stronger binding affinity between RavZ and LC3 might simply reflect a synergistically increased chance of the interaction. In contrast to the mutant peptides of the N-terminal region that still have significant binding affinity (Fig. 1D) , the mutant peptide of the C-terminal region essentially lost binding affinity (K D of 15 mM; data not shown).
Interestingly, the K D between LC3 and ATG4B, which has only one LIR motif, was 10.75 mM, approximately 40-fold lower than that between LC3 and RavZ ( Fig. 1D and Fig. S1B ). This value is comparable with the data obtained using RavZ mutants (DN and N-Cat), which have 1:1 binding stoichiometry with LC3. The affinity measurement is consistent with previous SEC-MALS data, and the strong binding affinity between RavZ and LC3 can be accounted for by the synergistic binding of LC3 using separate N-and C-terminal regions of RavZ. Therefore, we concluded that RavZ forms a 1:2 complex with LC3 using its N-and C-terminal regions, and interacts with LC3 much more tightly than ATG4B. Table 1 ). The N-terminal 48 residues and C-terminal 71 residues were not visible in the electron density map from crystal form-I and -II using RavZ FL, suggesting that these regions have high flexibility. The structure determined using crystal form-III with the DN construct also showed no electron density at the C-terminal region, even with different crystal packing. Interestingly, the invisible regions were critical for LC3 binding, as shown in Fig. 1B . The overall structure of RavZ (residues 49-431 and nearly the same as DNDC) comprised 2 separate domains ( Fig. 2A and 2B ), an N-terminal a/b-fold (residues 49-325) and a C-terminal a-helical domain (residues 326-431). The N-terminal domain showed a well-conserved folding pattern typical of Ubl deconjugating proteases (Fig. S3) . Specifically, 7 a-helices and 9 b-strands formed a distinct globular domain, and a5 was a central helix that was surrounded by the other a-helices and b-strands in a manner similar to a hand grabbing a stick ( Fig. 2A ). This domain includes the catalytic triad (His176, Asp197 and Cys258) and thus defines the catalytic domain. The catalytic domain of RavZ showed high structural similarity (Z-score > 9) to XopD from Xanthomonas (PDB ID: 2OIX), 27 SENP8/Den1 in complex with NEDD8 (PDB ID: 1XT9), 28 human SENP2 protease (PDB ID: 1TH0), 29 SENP3/Ulp1 (PDB ID: 2HL8), 30 and unexpected structural differences with human ATG4B (PDB ID: 2CY7). 31 However, the catalytic triads of these Ubl deconjugating proteases were all quite similar (Fig. S4) .
The rest of the molecule was made up of a small helical domain comprising all 5 a-helices ( Fig. 2A) . Although 2 bacterial proteins, YvqK protein (PDB ID: 1RTY) 32 and hypothetical protein TA0546 (PDB ID: 1NOG), 33 showed high structural similarity (Z score > 6) with this helical domain, its role is not immediately apparent. Horenkamp et al. reported that this helical region is a targeting domain for phagophore membranes by the binding of phosphatidylinositol 3-phosphate (PtdIns3P). 26 Thus, the helical domain is referred to as a membrane targeting (Mt) domain; full-length RavZ is divided into 4 domains, comprising an N-terminal LC3 binding, catalytic, membrane targeting, and C-terminal LC3 binding domains (Fig. 2B ).
The active site loop of RavZ shows different conformations without LC3
Three different crystal forms of RavZ, I, II and III, were obtained and the structures compared. Structures derived from 2 of our 3 crystal forms (form I and II) were virtually identical, although the crystal packing differed (Table 1) , and our crystal form I and a previously reported structure 26 have the same crystal packing, even though different constructs were used for the crystallization. The structure in the other crystal form (form III) with the DN mutant, however, showed a notable difference (Fig. 2C) . Although the C-terminal region was invisible in both crystal forms, several residues including the N-terminal histidine tag were visible in crystal form III. Furthermore, there was a clear difference in the loop region covering the active site (Fig. 2D ). The loop (residues 250-256) also showed high flexibility and 2 different conformations, most probably due to different crystal packing, the behavior of which might differ from the conformational regulation suggested by the ATG4B structures. 25 The regulatory loop of free ATG4B covers the active site and consequently catalytic Cys74 is buried, whereas the regulatory loop undergoes a conformational change to form a groove to accommodate the C-terminal region of LC3 upon complex formation. In contrast, the corresponding loop in RavZ showed an open conformation without LC3 complex formation ( Fig. 2C) , suggesting that the loop covering the active site is also very flexible and that the regulation of RavZ differs from that of ATG4B.
The catalytic triad of RavZ was also similar to other Ubl cysteine proteases (Fig. S4) . The Ne2 atom of His176 was located 3.3 A from the Og atom of Ser258 (Cys258), and the Nd1 atom of His176 was located 2.7 A from the Od1 atom of Asp197 in the conformation of crystal form I and II of RavZ, whereas the corresponding distances were 4.1 and 2.4 A , respectively, in the conformation of crystal form III of RavZ ( Fig. 2D and Fig S4A) . The orientation of the Og atom of Ser258 was rotated out from the catalytic triad and was located at a relatively longer distance. The exact meaning of this rotation is not yet clear, and may be revealed following examination of the complex structure between RavZ and LC3-PE.
Both LIR motifs in the N-and C-terminal region of RavZ are critical for LC3 binding
In an effort to identify the exact binding sites of LC3, the sequence of RavZ was analyzed. It is well known that the conserved sequence motif W-x-x-L (where 'x' is any amino acid residue) is utilized for specific interactions with Atg8-family proteins, including LC3. 10, 14 The W-site is sometimes substituted with Tyr or Phe, and the L-site with Ile or Val. 10 Three potential LIR motifs, 16 F-x-x-L 19 , 29 F-x-x-L 32 and 435 F-x-x-I 438 , referred to as LIR1, LIR2 and LIR3, respectively, were identified ( Fig. 3A and Fig. S5 ). Compared to the WT LIR motif, the Ftype frequently contains acidic residues at the N-terminal side of the motif. 10 All 3 potential LIR motifs in RavZ have similar characteristics to the F-type LIR. Interestingly, the first and second LIRs were located close within the primary sequence at the N-terminal region of RavZ, and the third LIR3 was located at the C-terminal region of RavZ (Fig. S5) . The functional LIR must be a short linear motif arising from an intrinsically disordered region, 34 and all aforementioned potential LIRs possess a high PONDR-FIT score and the regions are all disordered in our crystal structures ( Fig. 2B and Fig S5) .
To further delineate these potential LIR motifs, we generated a series of double-mutant constructs comprising mutLIR1: F16A L19A; mutLIR2: F29A L32A; and mutLIR3: F435A I438A. We purified each mutant protein and performed SEC-MALS experiments with LC3. As noted in the above section, RavZ FL formed a complex with 2 molecules of LC3 (Fig. 1A) , however, all double mutants (mutLIR1, mutLIR2 and mut-LIR3) in the presence of LC3 generated 1:1 complexes (Fig. 3B) , as shown by DN and DC with LC3 (Fig. 1B) . It is intriguing that 2 N-terminal LIRs are able to bind 1 LC3, and that any mutation in 1 LIR motif affects the binding affinity of the other LIR. These data clearly show that RavZ forms a complex with 2 LC3 molecules, one LC3 molecule interacting with N-terminal LIR motifs and the other using a C-terminal LIR motif, LIR3. Compared with ATG4B, which only has 1 LIR motif at its N-terminal region ( 7 Y-x-x-L 10 ), utilization of separate LIR motifs at the N-and C-terminal regions of RavZ accounts for its higher affinity to LC3 with a 1:2 binding stoichiometry (Fig. 1D) , and also suggests a different mode of action on the phagophore membrane, which will be discussed later.
The LC3-binding N-and C-terminal regions of RavZ are critical for inhibiting autophagy
To confirm the above in vitro data of RavZ, various mutant constructs were generated for the monitoring of autophagy flux using green fluorescent protein (GFP)-tagged LC3, a wellknown autophagy marker. [34] [35] [36] Autophagy was induced by the addition of rapamycin, and punctate GFP-LC3 fluorescent signals indicating recruitment of LC3 protein to phagophores and/or its presence on autophagosomal membranes were detected in the cytosol (Fig. 4) . Overexpression of WT RavZ FL removed almost all of the GFP puncta in the cells, indicating that LC3 was immediately cleaved from the phagophores or autophagosomes. As a control, the inactive C258S mutant was tested and the results showed clear accumulation of autophagosomes in cells due to the absence of RavZ enzymatic activity (Fig. 4A) .
Use of RavZ deletion mutants such as N-term, C-term, or both, resulted in the accumulation of autophagosomes in cells to levels very similar to those observed with use of the catalytically inactive mutant (Fig. 4B and 4C) . We also performed the same experiments with point mutants, mutLIR1, mutLIR2 and mutLIR3, which possess a defect in LC3-binding (Fig. 3A) . Based on our in vitro data, all double mutants formed a 1:1 complex with LC3 (Fig. 3B) , and therefore must have a lower binding affinity compared with RavZ FL. Quantification of the fluorescence data indicated that a milder effect was shown by the point mutants compared with the deletion mutants (Fig. 4C) , with different effects being observed with some of the point mutants. Similar results were also obtained using western blot analyses of LC3 turnover by examination of the LC3-I and (Fig. S6 ). This result is consistent with those of our biochemical assays and structural analyses. In conclusion, the flexible N-and C-terminal regions in RavZ, and in particular the LIR motifs, are important for the recognition of LC3-PE conjugates and play a critical role in blocking autophagy in cells.
LC3-II bands
Solution structure of the RavZ-LC3 complex
Although it is necessary to determine the complex structure between RavZ and LC3 to confirm that 2 independent LC3 molecules bind to the LIR motifs located on the flexible N-and C-terminal regions of RavZ, the crystal was not available for high-resolution structure determination. Instead, we performed a structural study in solution using small-angle X-ray scattering (SAXS). Two SAXS data were obtained using RavZ alone and RavZ in complex with LC3 ( Fig. 5 and Fig. S7 ). These data fit well with the theoretically calculated model based on the Guinier plot (Fig. 5A and Fig. 5D ). For the free RavZ model, R g and D max values were calculated to be 36.20 § 2.4 and 121.9 A , respectively (Fig. 5B) . The molecular mass derived from the estimated Porod volume was very similar to the calculated MM (Table S1 ). The molecular envelope matched well with the crystal structure of RavZ (Fig. 5C ). Because the regulatory domain was smaller than the catalytic domain, the apo RavZ model resembles a gourd-shaped bottle or snowman, and the empty region must be the location of the invisible N-and C-terminal domains containing the LIR motifs.
The SAXS data of the RavZ and LC3 complex yielded R g and D max values of 43.47 § 0.38 and 145.9 A , respectively (Fig. 5E) . The calculated molecular mass derived from the estimated Porod volume was very close to that of the 1:2 complex between RavZ and LC3. The molecular envelope of the RavZ and LC3 complex showed a twisted Z-shaped conformation that had an extra space toward the invisible N-and C-terminal direction of RavZ (Fig. 5F ). This additional space was large enough to accommodate an LC3 molecule at both sides, and thus we generated the initial 1:2 complex model considering the previous complex structure of the Ubl protease-Ubl as well as the HsATG4B-LC3 complex (Fig. S8) . The final rigid-body fitting of the initial model was matched well with the SAXS molecular envelope (Fig. 5F) , and a plausible mode of action of RavZ on the phagophore membrane can be suggested (Fig. 6 ) and will be discussed below.
Discussion
Legionella pneumophila invades and replicates inside macrophages in humans, and causes Legionnaires' disease and Pontiac fever. 37 This bacterium has evolved to survive in host cells, and one survival mechanism involves the inhibition of host cell autophagy by irreversible deconjugation of LC3 using the effector RavZ. 17, 22 Therefore, the RavZ enzyme competes with the host protease ATG4B, which catalyzes the maturation of LC3 for autophagosome formation and recycling of LC3 for continued autophagy. 38, 39 Taking into account a previously reported crystal structure, ATG4B is likely to interact with LC3 via 2 different regions of ATG4B, namely LC3(S), at which substrate LC3 binds to the active site of ATG4B, and LC3(N), at which nonsubstrate LC3 binds to the N-terminal LIR motif of ATG4B (Fig. S8B) . A conformational change of the N-terminal tail upon LC3 binding allows for recognition of the C-terminal tail of LC3 by the catalytic residues of ATG4B. Indeed, LC3 is an enzymatic product of ATG4B and the 1:1 binding stoichiometry between ATG4B and LC3 in solution must be the result of the interaction between the LIR motif of ATG4B and LC3, with a dissociation constant K D of 10.75 mM (Fig. S1B) . Compared with ATG4B, several key and immediate questions are raised concerning the mechanism of RavZ, including: 1) Why does RavZ cleave PE-conjugated LC3 in contrast to ATG4B, which cleaves cytosolic LC3 precursor in addition to LC3-PE on the autophagosomal membrane? 2) What are the structural similarities and differences of RavZ and ATG4B, such as they relate to conformational changes of the regulatory loop and N-terminal tail, and cleavage site specificity? 3) Why is RavZ targeted only to the phagophore membrane when high curvature and PtdIns3P concentrations are not the unique feature of these structures? Although some definitive answers await high-resolution complex structure determinations between RavZ and LC3-PE, our data can explain many of these issues in a reasonable manner.
It is natural that RavZ from L. pneumophila possesses higher affinity for the LC3 substrate than ATG4B for the purpose of destroying the host cell autophagy system. The binding affinity of RavZ to LC3 is approximately 40 times higher than that of ATG4B (Fig. 1D) , and this is mainly due to the binding stoichiometry. Our SEC-MALS, mutagenesis and SAXS data clearly show that RavZ interacts with 2 molecules of LC3 with separate and flexible N-and C-terminal regions containing LIR motifs. As shown in Fig. 1D , the RavZ mutants containing only one LIR motif show a comparable dissociation constant with ATG4B. Therefore, we concluded that the stronger binding affinity of RavZ to LC3 originates from the synergistic binding avidity and that secreted RavZ from L. pneumophila efficiently removes the LC3 competing with ATG4B from the phagophore membrane. As shown in the crystal structure of the ATG4B-LC3 complex, ATG4B has 2 binding sites, one located within the N-terminal LIR motif and the other within the active site (Fig. S8B) . The product LC3 does not bind to the active site, although LC3 binds to the LIR motif forming a 1:1 complex (Fig. S1A) . The same scenario may occur where RavZ binds to 2 molecules of LC3 using the LIR motifs and a single substrate form of LC3, LC3-PE, binds to the active site of RavZ, but is not matured as well as precursor LC3. 22 For this reason, a 1:2 complex of RavZ-LC3 was observed in solution (Fig. 1A) .
As noted above, specific binding to the PE moiety and specific peptide bond cleavage between the aromatic (phenylalanine or tyrosine) and glycine residues can only be understood following high-resolution RavZ:LC3-PE complex structure determinations. However, our crystal structures clearly show that there is conformational flexibility of the loop covering the active site (Fig. 2D) . The open active site of RavZ was observed using a construct comprising deletion of the N-terminal region (DN mutant) (Fig. 1B) . Two LIRs, LIR1 and LIR2, accommodate only one LC3 with a short 9-residue gap in between and, more intriguingly, a double mutation in either the LIR1 or LIR2 region resulted in complete loss of binding affinity to the LC3 molecule, implying that the motifs somehow communicate with each other (Fig. 3B) , although the isolated peptides behaved differently (Fig. 1D) . We speculate that the 2 invisible LIRs may play a role in regulating the activity of RavZ. Furthermore, our low resolution RavZ-LC3 complex structure obtained by SAXS experiments shows that the LC3 molecules bind to the flexible N-and C-terminal regions of RavZ, forming an overall twisted Z-shaped conformation ( Fig. 5F and S8C) . We also determined the crystal structures of LC3 in complex with LIR1, LIR2 and LIR3 peptides independently (data not shown), but the results were still not clear enough to understand how the N-and C-terminal region regulate the activity of RavZ.
One of the unique structural features of RavZ is the inserted a-helical domain followed by the catalytic domain ( Fig. 2A) . In a recent report, the role of this domain was elucidated as comprising a PtdIns3P-binding module which, and in combination with a helix in the catalytic domain, effects targeting to the phagophore membrane. 26 However, neither high curvature nor the PtdIns3P concentration are unique features of phagophores or autophagosomes, and the manner by which RavZ specifically localizes on these membranes remains unclear. We now have a plausible model to address this question. The full-length RavZ molecule consists of several distinct domains, and each domain possesses unique features for the efficient inhibition of host cell autophagy. Primarily, RavZ is directed to the PtdIns3P-rich membrane with correct orientation via the helical Mt domain and a helix in the catalytic domain. 26 The N-and C-terminal regions of RavZ bind to the membrane-anchored LC3s independently with high avidity using the LIR motifs. The binding of LC3 molecules to both N-and C-terminal LIR regions may be coupled with access of substrate PE-conjugated LC3 to the active site of RavZ (Fig. 6) . Once RavZ cleaves the peptide bond between the aromatic and glycine residues, the LC3 product cannot be utilized in the autophagy pathway. It is tempting to speculate that cleaved LC3 still possesses binding affinity to LIR motifs, which are present in numerous autophagic molecules including autophagy receptors and the autophagy core machinery. 8, 10, 14, 40 Therefore, the RavZ-generated product has a significant effect not only on the function of ATG4B, but also on the entire autophagy system in the host. In an evolutionary context, L. pneumophila has evolved this superior mechanism, which effects survival in host cells.
Materials and methods
Protein sample preparation
Full-length and shorter constructs of RavZ from Legionella were amplified by PCR. The amplified PCR products were treated with restriction enzymes BamHI and HindIII for full-length RavZ, and BamHI and XhoI for shorter constructs, and were then inserted into modified pMALc2X and pET-Duet vectors (Novagen,171254), respectively. Full-length genes of ATG4B and LC3B from Homo sapiens were amplified by PCR. The resultant plasmids were transformed into BL21(DE3) cells. The QuikChange site-directed mutagenesis method (Stratagene) was used to prepare constructs for the purpose of expressing RavZ double-mutants possessing LIR motif disruptions F16A L19A, F29A L32A and F435A I438A. Protein expression was induced by the addition of 0.5 mM IPTG at 18 C for 18 h. Cells were harvested by centrifugation, resuspended in 20 mM Tris-HCl, pH 8.0 buffer containing 100 mM NaCl, and then disrupted by sonication. The cell lysate was loaded onto a HisTrap TM column (GE Healthcare, 11-0004-58), and then eluted using a liner gradient of imidazole (0»500 mM). The affinity tags were cleaved using thrombin or TEV protease (lab made) by overnight incubation at 4 C, and RavZ and ATG4B constructs were further purified by ion-exchange column chromatography using a HiTrap TM Q HP column (GE Healthcare, 17-5156-01). LC3 was further purified by cation-exchange column chromatography using a HiTrap TM SP HP column (GE Healthcare, 17-5054-01). Finally, proteins were loaded onto a HiLoad TM 16/600 Superdex TM 200 gel filtration column (GE Healthcare, 28989335) pre-equilibrated with 20 mM HEPES (Sigma, H3375), pH 7.0 buffer containing 100 mM NaCl.
Crystallization and structure determination
Both RavZ FL and the DN mutant were concentrated to approximately 20 mg/ml and crystallized at 22 C by the hanging drop vapor diffusion method. The best crystal of FL (C258S mutant; crystal form I) was obtained by mixing 1 ml of protein with 1 ml of reservoir solution containing 1.7-2.0 M NaCl, 20-22% (w/v) PEG3350, 0.1 M magnesium chloride, and 0.1 M imidazole, pH 6.2-6.5 (Rigaku, 1009539). Interestingly, different crystal shapes (C258S mutant; crystal form II) were also obtained using the same crystallization conditions. The crystals of DN (C258S mutant; crystal form III) were obtained in 2.9-3.2 M sodium acetate trihydrate, pH 6.8-7.0 (Hampton Research, HR2-144). Both crystals were frozen in liquid nitrogen and cryoprotected in the presence of 20% (v/v) ethylene glycol.
Using crystal form I, diffraction data to 2.74 A resolution were collected at beamline BL17A, Photon Factory, Japan. For phasing, single-wavelength anomalous dispersion (SAD) data using crystal form II were collected with a Se-peak wavelength (0.9794 A ) at beamline 5C, Pohang Accelerator Laboratory, South Korea. The highest resolution data to 2.54 A were collected using crystal form III at beamline BL44XU, Spring-8, Japan. The data sets were integrated and scaling was performed using HKL2000 software. 41 Statistics for the collected data are listed in Table 1 . Using the Se-SAD data set, initial phases were obtained and improved using the SOLVE/RESOLVE module in PHENIX, 42 resulting in approximately 80% of the initial model being built automatically. The model was rebuilt manually using COOT 43 and refinement was performed using PHENIX. 42 The structures of different crystal forms were determined by molecular replacement using the refined RavZ model of crystal form II. All 3 structures obtained using different crystal forms show nearly the same length of respective amino acid residues since the N-and C-terminal regions are invisible, even though RavZ FL was crystallized. All final models of RavZ were validated using MolProbity. 44 Statistics for the refinement are also shown in Table 1 . Structure comparisons were performed using DALI (http://ekhidna.biocenter. helsinki.fi/dali_server/), 45 and all structural figures were drawn using PyMOL (http://www.pymol.org/).
Size-exclusion chromatography with multi-angle light scattering SEC-MALS experiments were performed using a fast protein liquid chromatography system (GE Health care) connected to a Wyatt MiniDAWN TREOS MALS instrument and a Wyatt Optilab rEX differential refractometer. 46 A Superdex 200 10/ 300 GL (GE Health care, 17-5175-01) gel filtration column pre-equilibrated with 20 mM HEPES, pH 7.0, 100 mM NaCl, 1 mM TCEP (Gold Bio, 51805-45-9) was normalized using ovalbumin. Complexes and individual proteins, prepared separately by the methods described earlier, were injected (1-3 mg/ ml, 0.5 ml) at a flow rate of 0.5 ml/min. Data were analyzed using the Zimm model for static light scattering data fitting and represented using an EASI graph with a UV peak in the ASTRA V software (Wyatt).
Surface plasmon resonance
All SPR experiments were conducted at 22 C on a Reichert SR7500DC BIAcore 2000 instrument at Korea Basic Science Institute using a buffer comprised of 20 mM HEPES, pH 7.0, 150 mM NaCl, 1 mM DTT. Initially, LC3 was immobilized onto the PEG chip according to the manufacturer's instructions. Various concentrations of RavZ or mutants (10-62.5 nM) were then injected at 30 ml/min over the chip. The response of RavZ or mutants was calculated by subtracting that of the blank flow cell. The same experiments were performed with ATG4B for comparison. For further confirmation, fulllength RavZ was immobilized onto the PEG chip described above and the same experiment was performed using various concentrations of LC3. All experiments were each performed 5 times. Data were calculated using Scrubber2 and Clamp software.
Small-angle X-ray scattering
Solutions of the RavZ and RavZ-LC3 complex were prepared in gel filtration buffer comprised of 50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1mM DTT. The protein concentration of RavZ and RavZ-LC3 was 10 and 20 mg/ml, respectively. Scattering data of the RavZ and RavZ-LC3 complex 23 is colored orange. The LIR motif containing the N-and C-terminal regions are indicated as red and green dots, and labeled as Nt and Ct, respectively. PE-conjugated and membrane-anchored LC3 is shown as a blue ribbon and PE is shown as a red ball with tails. Cleaved LC3 (by RavZ) is shown in yellow. RavZ possesses higher binding affinity for LC3 than ATG4B because it has 2 independent LIR motifs at the N-and C-terminal regions (Nt and Ct, respectively). We propose that RavZ achieves greater binding affinity for membrane-bound LC3 molecules (blue ribbon) by using the N-and C-terminal LIR motifs, and this event is critical for correct orientation to facilitate cleavage of the LC3-PE substrate generating a product that cannot be reconjugated to PE (yellow ribbon). Using this elegant and superior mechanism with RavZ as the key player, L. pneumophila has evolved an effective survival mechanism against host cell autophagy.
were collected at beamline BL10C at Photon Factory and beamline 4C at Pohang Accelerator Laboratory. Details of the experimental parameters are shown in Table S1 . Briefly, the scattering images from proteins at various concentrations were reduced into 2D data via circular integration. Preliminary analysis of the 2D data with PRIMUS (ATSAS program suite) provided the radius of gyration (R g ), Porod volume, and experimental molecular weight. 47 Ab initio modeling and averaging of these models were performed using DAMMIF and DAMAVER, respectively. Rigid body modeling of the crystallographic structure on dummy-atom models was computed using the Situs program suite. 48 
Fluorescence analysis of autophagy
The full-length Legionella pneumophila RavZ gene containing a C-terminal MYC tag was cloned into the pCMV-5a vector (Agilent Tech., 211174) using the BamHI and XhoI restriction sites. The RavZ mutants, C258S, F435A I438A, N-Cat (residues 1-325), Mt-C (residues 328-502) and DN (residues 49-502), were generated by PCR-mediated site-directed mutagenesis using the same restriction enzymes. HEK293T or COS-7 cells were cultured under a humidified atmosphere of 5% (v/v) CO 2 at 37 C in Dulbecco's modified Eagle's medium (Gibco, 11885-084) supplemented with 10% heat-inactivated fetal bovine serum (Hyclone, SH30071). For DNA transfection, cells were transfected for 2 d with appropriate vectors using polyethyleneimine (Sigma-Aldrich, 764647). For fluorescence analyses, HEK293T or COS-7 cells were transduced for 24 h with GFP-LC3 according to the manufacturer's protocol (Premo TM Autophagy Sensor LC3B-FP [BacMam 2.0] system, Invitrogen). For autophagy induction, 500 nM rapamycin (Sigma-Aldrich, R0395) was added to the cells. The cells were fixed, permeabilized, stained with 4 0 ,6-diamidino-2-phenylindole (DAPI; 5 mg/ml), and then examined by fluorescence microscopy. Fluorescence images were acquired using an Olympus BX53 fluorescence microscope equipped with an Olympus DP70 digital camera. The fluorescence intensity of GFP-LC3 in the perinuclear region of more than 50 cells in each group was quantified using Image Gauge V4.0 software (Fujifilm). Percentages of LC3 puncta-positive cells were calculated from 3 independent assays.
Immunoblot analysis
HEK293 cells were transfected with pCMV5a vectors for MYCtagged RavZ variants (WT and its mutants). After 24 h of transfection, the cells were left untreated or treated with 1 mM rapamycin for 4 h. Cells were then lysed in lysis buffer (1% triton X-100 [Sigma, T8787], 150 mM NaCl, 5 mM EGTA, 20 mM Tris-HCl, pH 7.4, 0.5 % sodium deoxycholate [Sigma, D6750], 12 mM b-glycerophosphate, 1 mM phenylmethyl sulfonyl fluoride, 2 mg/ml aprotinin [Sigma, A1153], 2 mg/ml leupeptin [Sigma, L2884]). Cell lysates were centrifuged at 12,000 £ g for 20 min at 4 C, and the resulting supernatant fractions were subjected to SDS-PAGE. For immunoblot analysis, proteins in polyacrylamide gel were transferred onto a polyvinylidene difluoride membrane (ThermoFisher, LC2002). After blocking with 5% bovine serum albumin (Sigma, A2153), the membrane was incubated overnight with appropriate primary antibodies at 4 C and immunoreactive bands were visualized using horseradish peroxidase-conjugated secondary antibodies (Sigma, RABHRP1) and enhanced chemiluminescence reagents (Thermo, NCI4080KR). Rabbit polyclonal antibody to LC3B was obtained from Cell Signaling Technology (2773S) and mouse monoclonal antibody to GAPDH was from Santa Cruz Biotechnology (sc-32233).
Accession codes
Atomic coordinates and structure factor files have been deposited in the Protein Data Bank under the following accession codes: 5IO3, 5IZV and 5HZY for crystal form I, II and III, respectively. 
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